Abstract. Hyperspectral imaging is a versatile tool that has recently been applied to a variety of biomedical applications, notably live-cell and whole-tissue signaling. Traditional hyperspectral imaging approaches filter the fluorescence emission over a broad wavelength range while exciting at a single band. However, these emission-scanning approaches have shown reduced sensitivity due to light attenuation from spectral filtering. Consequently, emission scanning has limited applicability for time-sensitive studies and photosensitive applications. In this work, we have developed an excitation-scanning hyperspectral imaging microscope that overcomes these limitations by providing high transmission with short acquisition times. This is achieved by filtering the fluorescence excitation rather than the emission. We tested the efficacy of the excitation-scanning microscope in a side-by-side comparison with emission scanning for detection of green fluorescent protein (GFP)-expressing endothelial cells in highly autofluorescent lung tissue. Excitation scanning provided higher signal-to-noise characteristics, as well as shorter acquisition times (300 ms∕wavelength band with excitation scanning versus 3 s∕wavelength band with emission scanning). Excitation scanning also provided higher delineation of nuclear and cell borders, and increased identification of GFP regions in highly autofluorescent tissue. These results demonstrate excitation scanning has utility in a wide range of time-dependent and photosensitive applications.
Introduction

Emission-Scanning Hyperspectral Imaging
Traditional fluorescence microscopy approaches utilize several bandpass filters to isolate the excitation and emission wavelengths of fluorescent probes. If multiple probes are used, compensation approaches are often employed to remove crosstalk between the signal from undesired probes and the signal of desired probes. However, many fluorophores share similar peak emission wavelengths, resulting in limited utility of traditional fluorescence microscopy for multilabel studies. Additionally, separation of exogenous fluorescence from tissue autofluorescence is often prohibitively difficult with traditional fluorescence microscopy, as autofluorescence often displays a very broad emission spectrum overlapping that of many fluorescent probes. 1, 2 Hyperspectral imaging approaches have great promise for overcoming these limitations of traditional fluorescence microscopy. Hyperspectral imaging combines spectroscopy and imaging technologies by sampling image data at many wavelength bands, forming a contiguous spectrum. [3] [4] [5] [6] Hyperspectral imaging has recently been applied to biomedical applications, notably hyperspectral fluorescence microscopy. 4, [7] [8] [9] In contrast to traditional fluorescence microscopy, hyperspectral microscopy allows isolation of the fluorescence emission from multiple fluorescent probes by utilizing the unique spectral signatures of each probe. Hyperspectral imaging approaches have greatly facilitated multilabel 7, 8 and multiplexed 10, 11 studies, including separation of emission from fluorophores sharing similar peak emission wavelengths. 9, 12 Additionally, hyperspectral imaging approaches have allowed separation of fluorescent signals from autofluorescence, significantly enhancing the specificity of ex vivo [13] [14] [15] and in vivo [16] [17] [18] studies. Hyperspectral imaging is traditionally performed by filtering the fluorescence emission at set increments across a broad wavelength range (emission scanning). Wavelength filtering can be performed using diffraction gratings, 6, 19 prisms, 20, 21 tunable filters, 9, [22] [23] [24] or interferometers. 25, 26 We have previously shown the utility of detecting green fluorescent protein (GFP) in highly autofluorescent lung tissue using both acousto-optic tunable filters (AOTFs) 9, 15 and thin-film tunable filters (TFTFs). 15 Our previous work demonstrated improved specificity for discriminating GFP from tissue autofluorescence using emission-scanning hyperspectral approaches compared with standard epifluorescence approaches. However, because emission light was filtered using narrow-bandwidth tunable filters; the fluorescence signal detected at any wavelength band was low. In these previous studies, acquisition times were increased to accommodate the low signal level. This approach was highly successful for imaging fixed tissues, but has distinct limitations for performing high-speed hyperspectral imaging, needed for live-cell imaging or for minimizing photobleaching artifacts.
Excitation-Scanning Hyperspectral Imaging
To overcome the limitations of fluorescence emission-scanning hyperspectral imaging, we have developed a new approach to hyperspectral imaging that filters the fluorescence excitation, rather than fluorescence emission. Excitation scanning substantially increases the available signal detected and allows additional spectral information to be acquired. The increase in available signal is due to filtering the excitation light instead of the fluorescence emission, permitting all emitted light (at each excitation wavelength) to be detected. The higher detectable signal reduces the acquisition time required for a hyperspectral image stack and improves signal-to-noise ratio (SNR) characteristics of the acquired images. Reductions in acquisition time greatly facilitate time-dependent assays, and reduce photobleaching artifacts. In addition to increased signal strength, excitation scanning allows detection of excitation spectra that often differ from their corresponding emission spectra, providing additional information that can be used to discriminate amongst fluorescent signals.
To demonstrate the utility of excitation-scanning hyperspectral imaging, we have developed a prototype excitationscanning hyperspectral imaging microscope system and have compared it with an emission-scanning system. An excitation-scanning spectral imaging system was previously designed by our group using an imaging spectrometer to detect the fluorescence excitation spectrum of fluorescent dyes in nude mice at a fixed emission wavelength. 27 However, scanning the fluorescence excitation while detecting emission using a fixed band-pass emission filter did not provide a significant signal increase. Additionally, an AOTF was used to filter fluorescence excitation, which has since been shown to have reduced out-of-band blocking power and light transmission compared with the TFTF technology we use here. 15 In this work, we present a procedure and results from implementing and calibrating the excitation-scanning hyperspectral imaging system. In addition, we present a side-by-side comparison with an emission-scanning system: imaging GFP-expressing microvascular endothelial cells in highly-autofluorescent lung tissue. Our results indicate excitation-scanning hyperspectral imaging provides more sensitive detection of GFP, increased delineation of nuclei, and higher structural content of autofluorescence, compared with emission scanning. Additionally, the excitation spectra of autofluorescence provided unique spectral information that differed from the emission spectra, and that were effective in accurately calculating autofluorescence contributions. Because of the significant increase in signal strength, excitation scanning may enable high-speed hyperspectral imaging for timedependent measurements, such as live-cell Förster resonance energy transfer (FRET) and Ca þþ imaging. Additionally, spectral sampling throughout the fluorescence excitationemission matrix may provide increase capabilities for fluorophore multiplexing.
Methods
Cell, Animal, and Sample Preparation
All animal work was approved by the University of South Alabama Institutional Animal Care and Use Committee (IACUC) and conforms to standard practices and established guidelines. Cell, animal, and sample preparation for the lung injury model has been described previously. 9, 15, 28 Briefly, highly proliferative pulmonary microvascular endothelial cells (PMVECs) were transduced with a lentivirus encoding GFP. Adult male CD rats were injected intratracheally with Pseudomonas aeruginosa at the LD 50 in 150-μL saline solution, then injected in the jugular vein with 10 6 cells∕100 g of body weight GFP-positive PMVECs. After 1 week, rats were euthanized and the lungs and heart were excised and perfused with a ventilator at a constant volume of 7 mL∕kg. Samples from the most injured portions of the lung were removed and fixed in formalin for 24 h. Rats not injected with GFP-positive PMVECs were injected with saline and euthanized for use as autofluorescence controls. Lung tissue samples were paraffin-embedded, sectioned at 10 μm, and placed on microscope slides. Microscope slides were deparaffinized using xylene and 70% ethanol treatments. Tissue samples were then stained with 0.225-μM Hoechst-33342 (Life Technologies, Carlsbad, California). Autofluorescence control samples were not stained with Hoechst. Slides were prepared using fluorescence mounting medium (Dako, North America, Inc., Carpinteria, California).
Samples of GFP-positive PMVECs were prepared as confluent monolayers on 25 mm round coverslips and used as controls for the pure GFP spectrum. Confluent monolayers of wild-type PMVECs on 25 mm round coverslips were labeled with 2.4 nM Hoechst-33342 and used as controls for the pure Hoechst spectrum.
Excitation-Scanning Hyperspectral Microscope
Set-up, Calibration, and Spectral Correction , Semrock Inc.) were used for spectral filtering-one array for filtering the excitation light (excitation scanning) and another array for filtering the fluorescence emission (emission scanning). Each array consisted of a set of 6 (for excitation) or 5 (for emission) VersaChrome tunable filters, arranged side-by-side. A linear translator motor allowed switching between filters. In addition, the filter assembly could rotate with respect to the incident light, allowing the center wavelength of the pass-band to be tuned. Each filter in the array could be tuned over a given range of center wavelengths, and by switching between adjacent filters a very wide range of wavelengths can be sampled. Both excitation-scanning and emissionscanning light paths are shown in Fig. 1 , while the individual filters used in each TFTF array are listed in Table 1 .
Spectral correction was used to compensate for wavelengthdependent attenuation present in both the excitation-and emission-scanning configurations. To correct the excitationscanning configuration, a National Institute of Standards and Technology (NIST)-traceable light source (LS-1-CAL-INT, Ocean Optics, Inc., Dunedin, Florida) was used to calibrate a fiber-coupled spectrometer (QE6500, Ocean Optics, Inc.) equipped with an integrating sphere (FOIS-1, Ocean Optics, Inc.). The integrating sphere was then placed on the sample stage, and the excitation spectrum was measured at each center tuning wavelength of the excitation scan (360 to 485 nm, in 5-nm increments). Wavelength scanning for both excitation and emission scanning was achieved by varying the angle of incidence on a tunable filter, allowing variation of the center wavelength of the passband over a broad wavelength range. A 5-nm increment was selected so as to ensure >2× (greater than Nyquist) oversampling of the filter bandwidth for each filter (bandwidths given in Table 1 ). The integrated area (total optical power) of the excitation spectrum was calculated for each center tuning wavelength providing the excitation intensity profile. A spectral correction factor was then calculated as the inverse of the excitation intensity profile, normalized to a maximum value of unity. All excitation-scanning hyperspectral image stacks were corrected by background (stray-light) subtraction and multiplication by the spectral correction factor. All corrections for background and wavelength-dependent attenuation were made using MATLAB® software (MATLAB® R2012b, Mathworks, Natick, Massachusetts).
Emission-Scanning Hyperspectral Microscope
Set-up and Spectral Correction
The emission-scanning configuration, calibration, and spectral correction has been previously described (lightpath shown in Fig. 1 ). 15 Briefly, a second TFTF array was placed in collimated space prior to the charge-coupled device (CCD) detector. The emission TFTF array operated identically to the excitation array (described above), except that it featured only 5 VersaChrome tunable filters in order to allow one filter position to remain open (to enable the entire fluorescence emission to be detected during the excitation scan). Spectral correction was performed by projecting the NIST-traceable light source onto a blank sample (blank microscope slide). Emission scans were performed by tuning the emission center wavelength from 475 to 700 nm, in 5-nm increments. A fluorescence filter cube with a long-pass dichroic beamsplitter (FF-458-Di02, Semrock, Inc.) and long-pass fluorescence emission filter (BLP01-458R, Semrock, Inc.) was implemented to separate excitation and emission light. A spectral transfer function was calculated from the known (NIST-traceable lamp) spectrum and the detected spectrum. The inverse of the spectral transfer function was used as a spectral correction factor. As in excitation scanning, each emission-scanning hyperspectral image set was corrected through background subtraction and multiplication by the spectral correction factor. Excitation-and emission-scanning light paths were implemented on an inverted fluorescence microscope. For each configuration, an array of thin-film tunable filters (TFTFs) was used for spectral filtering. Excitation scanning was accomplished by placing a TFTF array following the Xe arc lamp. The excitation center wavelength was scanned in 5-nm increments from 360 to 485 nm, and the fluorescence emission was collected above the cutoff wavelength of the long-pass emission filter. For emission scanning, a 420/17-nm bandpass filter was used to filter excitation light and the emission center wavelength was scanned in 5-nm increments from 475 to 700 nm. Table 1 Excitation and emission-scanning tunable filters used in this study (VersaChrome®, Semrock Inc., Rochester, New York). An array of filters was used for each tuning approach. The arrays were placed in custom housings, allowing translation between filters and rotation of each filter. 15 Excitation-scanning filters were configured to allow a wavelength-tuning range from 357.9 to 707.6 nm, and emission-scanning filters were configured to allow a wavelength-tuning range from 398. 4 
Hyperspectral Image Acquisition
Hyperspectral image stacks using excitation scanning were acquired at excitation wavelengths from 360 to 485 nm, in 5-nm increments. At each excitation wavelength, a 495-nm long-pass dichroic beamsplitter (BLP01-495R, Semrock, Inc.) and 495-nm long-pass emission filter (FF-495-Di02, Semrock, Inc.) were used to separate excitation light from fluorescence emission. The emission long-pass wavelength was selected to allow an excitation scan that included the peak excitation wavelength of all three fluorescent species in the sample (Hoechst, GFP, and autofluorescence). After each excitation scan, hyperspectral image stacks using emission scanning were acquired at emission wavelengths from 475 to 700 nm, in 5-nm increments. Excitation light was filtered with a 420/ 17-nm bandpass filter (TBP01-451-15 tuned to 420 nm, Semrock, Inc.). The excitation center wavelength was selected to allow concurrent excitation of GFP, Hoechst, and autofluorescence. The same field-of-view was imaged by both excitationand emission-scanning systems. Image detection for both systems was performed using an electron-multiplied chargecoupled device (EMCCD) camera (Rolera EM-C 2 , QImaging, Surrey, British Columbia). An acquisition time of 300 ms and EMCCD gain of 3800 was used for both systems, for all samples, with the exception of acquiring the spectrum of GFP used by the spectral library. For the case of the GFP control, an EMCCD gain of 3600 was used due to the high signal intensity from confluent monolayers of GFP-expressing PMVECs in culture. A background image stack was acquired using both systems from a region of the slide containing no tissue. Background subtraction and spectral correction were performed on all hyperspectral image stacks acquired with both systems.
Spectral Image Analysis
A spectral library was constructed for both excitation-and emission-scanning systems. Linear unmixing of image stacks was performed using a positively-constrained unmixing algorithm (lsqnonneg, MATLAB 2012a, Mathworks). Spectral data visualization and plotting were performed using Excel (Office 2010, Microsoft, Redmond, Washington). Linear unmixing calculates the abundance of each fluorophore on a pixel-by-pixel basis, with reference to pure (end-member) spectra that are contained in a spectral library. We have previously shown linear unmixing to be accurate for quantifying relative fluorophore concentrations in an image, notably for detecting GFP in highly autofluorescent lung tissue and for quantifying FRET efficiencies. 9, 15, 29 Pure excitation and emission spectra of GFP were measured from image data of a monolayer of GFP-expressing PMVECs. Excitation and emission spectra of Hoechst were measured from image data of a monolayer of Hoechst-labeled PMVECs (not expressing GFP). The excitation and emission spectra of tissue autofluorescence were collected from tissue slides without GFP and Hoechst present. For each control image, all wavelength bands were summed to provide the total fluorescence intensity. Threshold levels were selected to identify regions with high SNR ratio. These regions were then applied to the original hyperspectral image stack and the pixel-averaged spectrum of the region was measured and used as the pure spectrum for the corresponding fluorophore. The final spectral library featured excitation and emission spectra for GFP, Hoechst, and lung autofluorescence.
The spectral library for each hyperspectral scanning method was used to linearly unmix signals from GFP, Hoechst, and autofluorescence in hyperspectral image stacks acquired using either excitation or emission scanning. Linear unmixing was performed on each image stack featuring GFP, Hoechst, and autofluorescence by evaluating the abundance of each known spectra found in the spectral library. Non-negatively constrained linear unmixing was performed using the "lsqnonneg" algorithm in MATLAB (The MathWorks). In brief, this algorithm applies a least-squares approach to fit the measured (unknown) spectrum to a mixture of the known end-member spectra (contained in the spectral library). A constraint is placed so that a negative fit (negative amount of an end-member) is not allowed. An additional custom script was written to calculate the root-mean-square (rms) error-a measure of the residual signal that was not accounted for in the least-squares fitting. In addition, the % rms error was calculated by dividing the rms error by the rms signal. The rms error and % rms error were used to ensure that the linear unmixing algorithm was effectively accounting for the signal present in the spectral image data.
Three separate images were created from the relative abundance of each fluorophore in each pixel. All images were saved as uncompressed tiff files. End-members from each unmixed image, for a given scanning method, were merged and false colored into a composite image using NIS Elements (NIS Elements 3.2, Nikon Instruments, Inc.) software. All images were adjusted equally for inspection.
SNR Measurements
Differences between excitation and emission-scanning systems were quantified using the SNR. We estimated SNR in each image stack using the method initially described by Amer et al. 30 that was further demonstrated for fluorescence microscopy applications by our group and Bernas et al. 9, 31 Briefly, unmixed images were analyzed to detect the fluorescence intensity in each pixel. Pixels within regions of homogeneous intensity were identified using an 8-way high-pass filter. Surrounding pixels were used to determine the standard deviation associated with each pixel. The mean intensity of each pixel divided by the standard deviation of each pixel provided the SNR. The median SNR from at least 5 regions were used as the SNR for each image.
Results
Spectral Correction
Spectral correction was performed to characterize and correct for wavelength-dependent attenuation in both systems. We have previously demonstrated spectral correction methods using a NIST-traceable lamp to characterize light attenuation in emission-scanning hyperspectral imaging systems. 9, 15 To ensure consistency, the same NIST-traceable lamp spectrum was used correct both the excitation-and emission-scanning hyperspectral imaging systems used in the current study. For the excitation-scanning system, the NIST-traceable lamp was used to calibrate a high-sensitivity spectrometer that was fiber coupled to an integrating sphere. The spectrometer was then used to measure the spectrally-filtered illumination profile incident upon the sample as a function of the center tuning wavelength of the tunable filter [ Fig. 2(a) , selected center tuning wavelengths shown]. The integrated intensity (total power) at each center tuning wavelength was calculated and plotted to describe the illumination profile as a function of center tuning wavelength [ Fig. 2(b) ]. The peak excitation intensity was achieved at 470 nm, indicating that the combination of the Xe arc lamp, tunable filter array, liquid light guide, and intermediate optical components provided higher illumination intensity at these wavelengths. To correct for wavelength-dependent excitation intensity, the inverse of the illumination profile was calculated, normalized to a peak value of unity, and used as a spectral correction factor [ Fig. 2(c) ]. The highest correction value occurred at 360 nm and the lowest at 470 nm.
Wavelength-dependent attenuation in the emission-scanning system was characterized similarly to the excitation-scanning system. However, instead of performing a calibrated measurement of the excitation spectrum, a NIST-traceable lamp was used as the input to the emission-scanning system [ Fig. 3(a) ]. The NIST-traceable lamp was spectrally-filtered by the emission tunable filter and was detected using an EMCCD camera [ Fig. 3(b) ]. There was a high similarity between the input spectrum of the NIST-traceable lamp and the spectrum measured using the emission-scanning system, indicating a high-spectral reproducibility. The ratio of the measured spectrum to the input spectrum was used as the spectral transfer function, whereas the inverse of the spectral transfer function was normalized to a peak value of unity and used as a spectral correction factor [ Fig. 3(c) ]. The highest correction factor occurred at 470 nm, while the lowest correction factor occurred at 610 nm.
Further spatial correction was used in the emission-scanning system to account wavelength-dependent image shift (typically referred to as "pixel-shift") from the tunable filters. 32 An image stack was acquired without a slide present to measure the illumination profile of a NIST-traceable lamp after filtering by the emission-scanning tunable filter array. The inverse of the illumination profile was used to correct for uneven spatial transmission due to the emission-scanning tunable filter array. Both spectral correction and spectrally-dependent spatial correction were applied to all subsequent spectral image stacks acquired with the emission-scanning system.
Acquisition of Spectral Libraries
Spectral libraries were constructed from spectra acquired through excitation and emission scans of single-labeled samples: GFP, Hoechst, and unlabeled tissue autofluorescence. Spectra were sampled from regions with high intensity The inverse of the integrated intensity was normalized to a value of unity at the wavelength with the lowest intensity (highest correction factor value) and used to correct for wavelength-dependent illumination intensity in the excitation-scanning system.
(a) (b) (c) Fig. 3 Measurements of wavelength-dependent attenuation in the emission-scanning system. (a) The spectrum of a NIST-traceable light source was (b) filtered by an array of TFTFs positioned for emissionscanning hyperspectral imaging. A spectral transfer function was calculated from the measured spectrum and known lamp spectrum. (c) The inverse of the spectral transfer function was normalized to a value of unity at the lowest intensity (highest correction factor value), and used to correct for wavelength-dependent attenuation through the emission-scanning system.
are shown in red, for either excitation scanning [ Fig. 4(c) ] or emission scanning [ Fig. 4(f) ]. The pixel-averaged spectra for each respective region of interest are shown in Fig. 4 , panels (g)-(i). Results are in agreement with previously reported literature values for GFP and Hoechst 1,2,4,5 and our previously determined emission spectrum for lung tissue, which was measured using both an AOTF-based system 9,15 and a TFTFbased system. 15 
Linear Spectral Unmixing
For visualization, a total fluorescence intensity image was calculated by summing the intensity at each wavelength for excitation and emission scanning [Figs. 5(a) and 5(b)]. Image stacks containing GFP, Hoechst, and autofluorescence were then unmixed using non-negatively constrained linear spectral unmixing. Linear unmixing algorithms calculate the amount (abundance) of each fluorescent species (end member) contained in the spectral library for each pixel of a spectral image stack, resulting in an unmixed abundance image for each end member [Figs. 5(c)-5(h)]. GFP and autofluorescence were better discriminated amongst unmixed images acquired with the excitation-scanning system than those acquired with the emission-scanning system [Figs. 5(c) and 5(d)]. Additionally, Hoechst-labeled nuclei were clearly resolved and discriminated from surrounding autofluorescence using the excitation-scanning system [Figs. 5(e) and 5(g)]. By contrast, images from the emission-scanning system displayed degraded quality due to reduced SNR characteristics.
Linearly unmixed abundance images were merged into a composite, false-colored image for both excitation-and emission-scanning systems [ Figs. 6(a) and 6(b) ] to allow visualization of end-member features. All images were linearly scaled and displayed identically for both excitation-and emission-scanning spectral image data. GFP and Hoechst regions were better delineated using excitation scanning compared with emission scanning. In addition, linearly unmixed excitation-scanning images displayed higher SNR characteristics than unmixed emission-scanning images.
Discussion
Excitation-and Emission-Scanning Hyperspectral Imaging
Traditional hyperspectral imaging approaches for biomedical applications filter the fluorescence emission to sample a contiguous emission spectrum (emission scanning). 3, 9, 33, 34 These emission-scanning approaches provide a wealth of additional information that allows for highly specific molecular identification. However, emission scanning also provides inherently low-signal intensity due to the spectral filtering technologies employed, which require attenuating the majority of emitted light. This loss in signal intensity can result in long acquisition times, poor SNR characteristics, and photobleaching. Consequently, emission-scanning approaches, while providing significant benefits for spectral discrimination, are not conducive for high-speed, time-dependent measurements, assays with low-signal intensities, or assays that are highly susceptible to photobleaching. 29 In this work, we have demonstrated a novel method for hyperspectral imaging using wavelength-filtering of excitation light to sample a contiguous excitation spectrum (excitation scanning). There is inherently higher signal detected using this excitation-scanning approach because the fluorescence emission is not filtered, therefore permitting all emitted light to be detected. This allows a significant increase in signal strength and/or decrease in acquisition time. Consequently, time-dependent spectral measurements are feasible with faster acquisition times than were previously possible. Additionally, excitation scanning provides complimentary data to emission scanning through unique excitation spectra. Excitation spectra are often dissimilar to emission spectra. For example, many fluorophores exhibit multiple peak excitation wavelengthsoften a primary excitation peak in the visible range with a secondary peak in the ultraviolet range. These excitation spectral features represent an alternative basis for discriminating amongst fluorophores with similar emission spectra.
It should be noted that the fluorescent labels (GFP and Hoechst) selected for this study are labels that are easily separable using either excitation or emission-scanning procedures due to the large differences in peak excitation and peak emission wavelengths. However, the spectral imaging and linear unmixing approach should also be applicable for fluorophores with overlapping excitation or emission spectra or similar peak intensities. Emission-scanning hyperspectral imaging and linear unmixing approaches have previously been shown to be effective for detecting FRET pairs with overlapping spectra 35 and for detecting FRET pairs with additional fluorescence labels. 29 As mentioned above, the presence of a secondary excitation peak in many commonly used fluorescent probes may provide additional spectral information that is useful for discriminating amongst fluorophores with similar, or even identical, primary peak excitation wavelengths-lending further utility to the excitation-scanning approach.
Spectral Calibration for Excitation and Emission Scanning
In previous work, we demonstrated the effectiveness of a TFTF for emission-scanning hyperspectral imaging. 15 Here, we have developed a novel microscope configuration utilizing two TFTF modules: one to scan the excitation spectrum and one to scan the emission spectrum. Identical filters were utilized to ensure equivalent spectral filtering characteristics for excitation and emission scanning (Table 1) . Each TFTF module allowed a wide wavelength-tuning range (402 to 708 nm for excitation, 451 to 708 nm for emission) and 16 to 20-nm spectral bandwidth. For excitation scanning, a TFTF module was positioned after the arc lamp (Fig. 1) . For emission scanning, a second TFTF module was placed in collimated (infinity-focused) space before the CCD detector. A 495-nm dichroic beamsplitter and a 495-nm long-pass emission filter were used to separate excitation and emission light, respectively. During emissionscanning operation, the excitation wavelength was fixed and the emitted light was sampled at 5-nm increments. During excitation-scanning operation, an open slot in the emission TFTF module was used and all emitted light above 495 nm was detected, while the excitation light was tuned at 5 nm increments. As a consequence of collecting all emitted light at each excitation wavelength, a lower acquisition time of 300 ms was required. Emission scans taken with the equivalent acquisition time exhibited much less detectable fluorescence [compare panels (a) and (b), Fig. 6 ].
Images acquired using each system were corrected for wavelength-dependent attenuation to achieve a flat spectral response across all wavelengths. Significant correction was required from 360 to 400 nm with the excitation-scanning system due to the uneven illumination of the Xe arc lamp and transmission characteristics of the liquid light guide (Fig. 2) . In the emission-scanning system, wavelength-dependent attenuation was primarily due to the transmission characteristics of the TFTF module and the quantum efficiency of the CCD detector (Fig. 3) . Correction factors for excitation and emission scanning were applied postacquisition to each image in the spectral image stack by multiplying by the spectral correction factor at the corresponding wavelength. However, it could also be possible to achieve spectral correction by adjusting the acquisition time for each image in the image stack or by incorporating a variable attenuator into either the excitation or emission-scanning lightpath. The advantage of achieving a flat spectral response during acquisition would be the ability to acquire consistent signal intensities at all wavelengths. Conversely, characterizing attenuation postacquisition does not require a variable attenuator nor adjusting the acquisition time at each wavelength, hence presents a more streamlined acquisition process. 5 Linear unmixing of spectral image stacks allowed identification of GFP, Hoechst, and autofluorescence in both excitation-and emission-scanning hyperspectral image sets. The summed fluorescence intensity (a and b) was used to visualize raw image data and revealed improved clarity of nuclei and GFP in the excitation-scanning image compared with the emission-scanning image. The GFP emission was better localized using excitation scanning compared with emission scanning (c and d). In addition, nuclei were better resolved in the excitation-scanning image compared with the emission-scanning image (e and f). Finally, autofluorescence was more clearly delineated using excitation scanning than emission scanning (g and h). Excitation scanning provided a higher signal-to-noise ratio (SNR) for all three fluorophores measured. In specific, the Hoechst displayed a 20-fold increase in SNR with excitation scanning, compared with emission scanning. Additionally, GFP possessed a 3-fold increase in SNR with excitation scanning, compared with emission scanning.
Excitation Scanning Provides Improved Signal
Intensity and SNR Characteristics
Excitation-scanning hyperspectral image data of samples containing GFP, Hoechst, and lung autofluorescence revealed dramatic improvements in image clarity due to increased signal strength. Notably, there was more sensitive detection of GFP regions using the excitation-scanning system than the emission-scanning system. Additionally, nuclei were more clearly delineated, while autofluorescence regions demonstrated improved contrast with the excitation-scanning system (Fig. 5) . The overall improvement in signal strength was easily visualized in the merged image (Fig. 6) , where signals from each fluorophore were clearly delineated using excitation scanning. Conversely, nuclei were not easily resolved with emission scanning, while autofluorescence contrast was decreased, with significantly increased noise in the unmixed autofluorescence image. Not all regions of GFP were identified using emission scanning compared with excitation scanning. This is primarily due to the higher signal associated with excitation scanning. Additionally, multiple spectral features comprise the excitation spectrum of the lung autofluorescence, which may contribute additional information content and an increased accuracy of linear unmixing. Based on these improvements in signal intensity and spectral discrimination, we anticipate that excitation scanning will provide increased detection capabilities for highspeed, live-cell imaging or for detecting and discriminating weak fluorescent signatures.
Excitation Scanning Provides Complementary Spectral Information to Emission Scanning
Implementing excitation scanning and emission scanning on a single-microscope platform allowed acquisition of both the excitation and emission spectra for a given field-of-view. Results from imaging GFP-labeled cells within autofluorescent lung tissues indicate that the excitation and emission spectra for both GFP 2,9,15 and Hoechst 15, 36, 37 are consistent with previous values reported in the literature. The emission spectrum from lung autofluorescence is also consistent with our previous studies using AOTF-based and TFTF-based emission-scanning hyperspectral imaging systems. 9, 15 To our knowledge, the excitation spectrum of lung autofluorescence has not been previously characterized.
In the lung, autofluorescence is well characterized with a bulk fluorescence spectrum. 9, 15, 36 This is likely because the lung contains very high concentrations of elastin and collagen, when compared with other tissues. However, autofluorescence is present in many tissue types, and may be attributed to other endogenous fluorophores, such as flavin adenine dinucleotide (FAD), nicotinamide adenine dinucleotide (NADH), and collagen. [38] [39] [40] For example, in pancreatic islets, metabolic activity has been shown to correspond to dynamic concentrations of FAD or NADH, which can be measured using autofluorescence microscopy. 41, 42 Consequently, when performing spectral imaging and analysis of tissues with complex or varying autofluorescence properties (such as highly metabolic tissues), it may be necessary to incorporate spectra from multiple endogenous fluorophores into the spectral library. This could be accomplished by obtaining isolated spectra for predominant autofluorescent proteins in the tissue or developing experimental approaches to ensure that the spectrum of each of the endogenous fluorophores could be sampled idependently. With an appropriately constructed spectral library, the non-negatively constrained linear unmixing algorithm, or other spectral analysis algorithms, should be able to account for changes in tissue composition or physiology that have corresponding changes in endogenous fluorophore concentrations.
Based on differences between the spectral library for excitation scanning and that for emission scanning, combining both excitation and emission scanning will allow increased discrimination amongst multiple fluorescent species due to the increase in spectral information content. Notably, the excitation spectrum of autofluorescence differs markedly from the emission spectrum, having peak wavelengths at 360 and 440 nm, compared with a single peak emission wavelength at 510 nm. Because GFP and lung autofluorescence share similar peak emission wavelengths, the presence of more than one autofluorescence peak excitation wavelength increases the ability to discriminate between GFP and autofluorescence using excitation scanning. Additionally, several others have shown that spectroscopic (nonimaging) excitation and emission matrices are effective for discriminating endogenous fluorescence in human tissues. 14, 39, 43 However, implementation of a hyperspectral imaging system capable of measuring both excitation and emission spectra Fig. 6 Linearly unmixed images were false-colored and merged for visualization. GFP (green), Hoechst (blue), and autofluorescence (red) were overlayed for image stacks acquired with excitation scanning (a) and emission scanning (b). The unmixed merged image taken with excitation scanning had clearly delineated regions of GFP and Hoechst, whereas the image taken with emission scanning had poorly-delineated GFP and nuclear regions.
has not been previously described. We anticipate that the excitation-and emission-scanning hyperspectral imaging system described here will allow similar spectroscopic studies to be conducted on an imaging level-offering an unprecedented view of cells and tissues, while providing increased sensitivity and specificity for multilabel studies and characterizing cell and tissue composition.
Conclusions
Hyperspectral imaging is an invaluable approach for discriminating amongst and quantifying fluorescent species in biomedical applications. In this work, we have demonstrated a novel excitation-scanning hyperspectral imaging system. We have compared this approach to a previously-reported emissionscanning system based on the efficacy for detecting GFP in highly autofluorescent lung tissue. The excitation-scanning system provided significantly increased signal levels, requiring shorter acquisition times than the emission-scanning system. Consequently, the excitation-scanning system was capable of higher sensitivity in detecting regions of GFP. Additionally, excitation scanning provided increased delineation of nuclei and increased structural information in autofluorescence, when compared with emission scanning. If used in conjunction with emission scanning, the excitation spectra of GFP, Hoechst, and lung autofluorescence can provide complementary spectral information to existing emission spectra. Combined excitationemission hyperspectral imaging could be especially advantageous for highly multiplexed or multilabel studies. In future work, we anticipate that excitation scanning will allow significant improvements in temporal resolution for live-cell imaging.
